ABSTRACT ABSTRACT ABSTRACT ABSTRACT. Computer simulation studies of the hydration structure and water exchange dynamics in the first hydration shell for Fe(II) in water are presented. The structure of the hydrated ion is discussed in terms of radial distribution functions, coordination numbers, and angular distributions. The average first-shell hydration structure is a 6-coordinate octahedron, in agreement with experimental results. The water exchange reaction around the Fe(II) ion in water was investigated using classical umbrella-sampling molecular dynamic simulations. The water exchange mechanism, estimates for reaction rate, as well as structural changes during the activation process are discussed. The water exchange mechanism proceeds via the Id mechanism. The water exchange rate constant at 298 K is estimated by the transition state theory to be 2.1 x 10 7 s -1 , assuming a transmission coefficient of unity.
INTRODUCTION
Understanding the phenomena of solvation of metal ions has been an important quest in many fields where this phenomenon has a relevant role [1] [2] [3] [4] . Hence, investigations have been carried out to determine the structure and dynamics of metal ions in solution by a variety of spectroscopic techniques [5] [6] [7] , scattering techniques [5, 8, 9] , electrochemical techniques [10, 11] and by theoretical methods, mostly simulations of the Monte Carlo (MC), molecular dynamics (MD), and quantum mechanics/molecular mechanics (QM/MM) types [5, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Computer simulation techniques, such as molecular dynamics (MD), have been used to study hydration structures of metal ions and their water exchange dynamics [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, the type of metal under study and of ion-solvent interaction potentials have strong influence on their success. The most commonly used potentials are based on pairwise interaction energies derived by direct ab initio quantum chemical calculations which leads to an error of interaction energies in cation-water systems of at least 10%, 15% and 20% for mono-, di-and trivalent ions, respectively [24] . The failure of pairwise additivity for cation-water potentials, particularly for divalent and trivalent ions, has been handled in various ways [17-19, 22, 23] . However, the more exact approach is to supplement the pair potential energy function to be employed by many-body terms. In many cases, three-body potentials calculated by ab initio methods at least have reproduced properly the hydration structure [17] [18] [19] .
The study of solvent exchange reactions is an important prerequisite in understanding the reactivity of metal ions in biological and chemical systems. The most fundamental and also most common reaction type is the water exchange in aqueous solutions. In such reactions a coordinating water molecule of the first hydration shell is replaced by a water molecule from the second shell. Langford and Gray [25] have devised a classification scheme to distinguish various types of the exchanges. The limiting reaction mechanisms associative (A) and dissociative (D) describe reactions in which an intermediate with increased or decreased hydration shell, respectively, is formed. The interchange (I) mechanism is divided into I a , I, and I d depending on whether bond breaking or bond foming is of more importance. Merbach et al. intensively used the activation volume ∆V ‡ to determine and classify the reaction mechanism by high-pressure nuclear magnetic resonance (NMR) experiments in accordance with the Langford-Gray scheme [26] . Most water exchange rate constants of transition metal cations have been experimentally investigated by using NMR. However, several cations exchange first-shell water ligands very rapidly and therefore pose several problems for the successful application of the method. Furthermore, structural changes at the microscopic level are not directly accessible through NMR. There are some crude assumptions about the volume change in the theoretical basis of ∆V ‡ , which leads to the structural transformations during the activation process . Therefore, theoretical methods are necessary to supplement data that are obtained from experimental studies.
MD simulation techniques have also been important in providing insight into water exchange processes around hydrated metal ions [17, [28] [29] [30] [31] [32] [33] . Water exchange processes of many metal ions often occur on timescales larger than the nanosecond range typical for standard MD simulations [26] . Therefore, observing the transition state (TS) is quite rare during a simulation leading to unreliable results. In order to increase the probability of finding high energy states and hence enhancing sampling efficiency in a specific region of phase space a biasing function driving particles along a chosen reaction coordinate may be applied. One powerful approach to adequately sample high energy, i.e. a transition state, is the umbrella-sampling technique [34, 35] , which has been widely used to calculate reaction profiles for chemical processes in solution [31, 32, [36] [37] [38] [39] . It has been successfully applied to study water exchange processes around other first row-transition metal ions in water [31] [32] [33] . In this technique, a suitable reaction coordinate is chosen and a series of independent simulations are performed by spanning the relevant phase space of the reaction coordinate. A biasing potential is imposed to restrain the system to the desired point on the reaction coordinate, and the potential parameters have to change for a series of simulations along an assumed reaction coordinate. To obtain the unbiased free energy profile, several methods are available; however, the most common and successful method is the weighted-histogram-analysis method (WHAM) [36, 40, 41] which is adopted in this study. By this method the potential of mean force (PMF) along the chosen reaction coordinate may be obtained, and structural and energetic properties like the transition state are determined.
In this study, 2-body (2BD) potential for Fe(II)-H 2 O interaction and its 3-body (3BD) correction terms (H 2 O-Fe(II)-H 2 O) were evaluated by means of ab initio molecular orbital calculations and corresponding analytical functions were constructed. Standard MD simulation was carried out for Fe(II) in water using the 2-body potential and its 3-body correction function to study hydration structure of the Fe(II) ion. Furthermore, the present study investigates the water exchange processes around the Fe(II) ion in the aqueous solution. Emphasis is given on the illumination of the structural changes at the transition state during the replacement of a water molecule from the first shell by a water molecule from the second hydration shell ( Figure  1 ). Free energy profile along the chosen reaction coordinate was determined and used to obtain the exchange mechanism and reaction rate of the water exchange process. In order to do sampling along a reaction coordinate umbrella-sampling technique was applied. The water exchange reaction is determined from the viewpoint of a dissociative unimolecular approach (S N 1 in terms of standard organic chemistry nomenclature).
COMPUTATIONAL DETAILS

Construction of ion-water pair potential
Ab initio molecular orbital calculations were carried out at the unrestricted Hartree-Fock (UHF) level using the Gaussian 98 program [42] . The ECP basis set of Christiansen et al. [43] for Fe(II) and the DZP basis sets of Dunning [44] for water were employed. The experimental gas-phase ) (
To represent the E 2bd values by an analytical function, various functions were tested to fit to the E 2bd values by a least-squares optimization using the Levenberg-Marquardt algorithm. The best reproducibility was obtained using a function composed of four r -m terms for the nonCoulombic interaction in addition to the Coulombic interaction, as expressed by Eq. 2,
where Q is the atomic net charge, excluded in the optimization of the function. The optimized potential parameters are given in Table 1 . The average absolute residual of the fit was 1.4 kcal mol -1 . The global energy minimum of the fitted function was found to be -81.6 kcal mol -1 at r FeO = 1.97 Å and θ = φ = 0°.
Construction of 3-body correction term
The 3-body correction energy (E 3bd ) was calculated according to Eq. 3, 
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Standard MD simulation
The standard MD simulation method applied in this study was described in detail in previous paper [22] and will only be briefly reviewed here. The simulation system consisting of one Fe(II) ion and 499 water molecules in a cubic simulation box of 15065.6 Å 3 subjected to periodic boundary conditions. The simulations were performed in the NVT ensemble with a time step of 0.2 fs. The density of the simulation box was set to the experimental value of pure water at 298.16 K (0.997 g cm
-3
). Long range interactions were treated by the reaction field method [25] . The CF2 model was used for the intermolecular potential between H 2 O molecules, and the intramolecular potential of H 2 O developed by Bopp et al. was employed to reproduce correctly liquid-phase vibrational frequencies [48] . In order to construct the initial configuration, the O atoms of H 2 O were placed in the simulation box according to the face-centered cubic lattice. The H atoms were arranged with random configuration of H 2 O molecules. A total of 400,000 steps (80 ps) were first processed using only the 2-body potential, and the system was confirmed to be energetically equilibrated. A further 400,000 steps (80 ps) were sampled to evaluate structural properties. The simulation was continued for further 400,000 steps (80 ps) of equilibrium after the inclusion of the 3-body correction. All energies were confirmed to become stable within 5 ps of equilibrium. A further 1,000,000 steps (0.2 ns) simulation was carried out for the statistical sampling.
Umbrella-sampling MD simulations
A randomly chosen water molecule from the first hydration shell was moved to the second hydration under the influence of the umbrella potential V umb ( Figure 1 ):
where r o is the instantaneous Fe-O distance between Fe(II) and a dissociating water molecule. The parameter k denotes the force constant and r ob is the restrained Fe-O distance. The distance r o was varied between 2.0 Å and 4.5 Å to cover the full range between first and second hydration shells. The force constant k was adjusted according to r o , i.e. k was set to high values close to the transition state and to small values at minima in the PMF. The unbiased probability distribution <ρ(r o )> was obtained by the WHAM [35, 41, 42] 
where κ is the transmission coefficient, k B is the Boltzmann constant, h is the Planck constant, R is the gas constant, and T is the absolute temperature.
The simulation protocol was the same as in the standard MD simulation. The starting configuration of the system was taken from the last configuration of the standard simulation obtained using the corrected 2-body potential. In total, 15 independent MD simulations were carried out with 200 ps each reserved for data collection after the system was allowed to reach the equilibrium within 2 ps. Several test simulations have been performed to ensure the independence of the chosen parameters. 
RESULTS AND DISCUSSION
Structural properties
The Fe(II)-O and Fe(II)-H radial distribution functions (RDFs), and their running integration numbers obtained from the standard MD simulation are displayed in Figure 2 . The main structural parameters are listed and compared with experimental and other simulation investigations in Table 2 . The first Fe(II)-O RDF peak which is related to the first hydration shell reaches its maximum at 2.21 Å and the second peak related to the second hydration shell reaches its maximum at 4.64 Å, clearly separated from the first hydration sphere. Between the first and second shells, it becomes zero for more than 1 Å, corresponding to slow intershell water exchange processes. But the fact that the Fe(II)−O RDF does not go down to zero once the second hydration shell is formed, suggests that this shell must easily interchange water molecules with outer hydration spheres or the bulk. a R1 max & R2 max denote the distances of the first and second RDF maxima; respectively. b N1 and N2 denote the first and second shell coordination numbers. The methods are abbreviated as follows: ND; neutron diffraction; XD; X-ray diffraction; EX; EXAFS; QM/MM; quantum mechanical/molecular mechanical; MD; molecular dynamics; MC; Monte Carlo. Potential models adopted; are referred: 2BD; classical pair potential; 3BD classical pair potential plus three-body correction function; EP; empirical potential; PCM; polarizable continuum model. The presence of two hydration shells is also clearly shown in the Fe(II)−H RDF (Figure 2 ). The first peak is centered at 2.96 Å and the second at 5.18 Å. The shift of the peaks in Fe(II)−H RDF to larger distances with respect to the corresponding oxygen peaks indicates that especially in the first shell, the water molecules are well oriented to obey the dominant ion−water interactions with their oxygen atoms pointing to the ion.
The coordination number distribution (CND) probability obtained by the standard MD simulation is shown in Figure 3 . In the first coordination sphere, only the coordination number 6 is observed. The second coordination sphere hydration shell contains on average 14.5 water molecules, implying that every first shell water molecule interacts with about 2.4 water molecules. This reveals that orientation and binding energy of these water molecules are mainly determined by hydrogen bonding. The probability of finding O-Fe-O angle (θ) in the first hydration shell, the first-shell angular distribution function (ADF), obtained from the standard simulation is shown in Figure 4 as a function of 1-cos θ. Two well-defined peaks can be observed at the peak maxima of 90º and 180º. The running integration numbers show that the area ratio of the two peaks is 4:1. These results indicate that the hydration geometry around the Fe(II) ion is on average a 6-coordinate octahedral, supporting the above observation and in agreement with many experimental results Table 2 . 
Potential of mean force (PMF) and rate constant
In (Figure 5 ), in agreement with the value obtained by the standard MD simulation in Table 2 . The second minimum describes a recovered 6-coordinate octahedral hydration in the first shell; however, at this point the dissociating water molecule has left the first shell and replaced by a water molecule from the second shell. The PMF maxima corresponding to the transition state of the water-exchange process is located at 3.24 Å. The free energy of activation (∆G ‡ ), the energy difference between the ground state (first PMF minimum) and the transition state (first PMF maximum), is 31.25 kJ/mol (7.47 kcal/mol). According to the transition-state theory (Eq. 7), the water exchange rate constant k ex for Fe(II) ion at 298.16 K is 2.1 x 10 7 s -1 , assuming a transmission coefficient, κ, to be unity. This value, considering the uncertainty of k and the simplicity of the potential functions used in this study, is quite reasonable. (Figure 5 ) suggests that the water exchange process is taking place via the interchange (I) mode of the mechanism.
Structural properties of the transition state
In Figure 6 the Fe(II)-O RDF and its running integration number close to the transition state is shown. The sharp peak at 3.24 Å represents the dissociating water molecule. According to the running integration number, Fe(II) has a hydration number of 5.4 (excluding the dissociating water molecule) at the distance of the transition state of 3.24 Å with the average distance of the spectator ligands (r s ) of 2.17 Å, i.e. smaller than the ground state (GS) by 0.04 Å (Table 3) . This indicates that the number of water molecules in the first hydration shell at the transition state is less than in the ground state, suggesting the dissociative mode of the activation. The average number of spectator molecules (N s ) in the first hydration shell as a function of r o is shown in Figure 7 . This numbers are obtained from the first-shell plateau of the running integration of RDFs, by excluding the dissociating water molecule. For r o less than 3.24 Å (the Fe(II)-O distance at the transition state), N s remains 5, and for r o > 3.24 Å it increases to 6, indicating the entrance of a water molecule from the second to the first hydration shell. This further demonstrates that the water exchange process for Fe(II) proceeds via the dissociative mode of the activation. The water exchange reaction around Fe(II) ion, therefore, proceeds via an I d mechanism in agreement with the experimental observation [26] . 
CONCLUSIONS
The first shell coordination numbers and ion-ligand distances obtained with the standard MD simulation including 3-body effects are in good agreement with the experimental data.
Based on the structural analysis of the first shell and number of spectator water molecules at the transition state, water exchange reaction around Fe(II) ion proceeds via I d mechanism in agreement with experimental observations. The water exchange rate constant is relatively high (2.1 x 10 7 s -1 ) but it is reasonable given the unknown transmission coefficient and the assumptions made in constructing the Fe(II)-water potential functions. In general, these results demonstrate that the umbrella-sampling MD simulation is a reliable tool to study ligandexchange processes around metal ions, not only where experimental investigation is impossible or difficult, but also processes which cannot be studied by standard MD simulations.
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